CVD Cu films deposited on TaN substrates with and without an Ar plasma treatment prior to Cu film deposition and the effects of postdeposition thermal annealing were investigated. Cu films deposited on an Ar-plasma-treated TaN substrate have a number of favorable properties over the films deposited on a TaN substrate without the plasma treatment. These include a smoother film surface, regular arrangement of Cu grains, and increased ͑111͒-preferred orientation. The postdeposition thermal annealing enhanced the ͑111͒-preferred orientation and decreased the resistivity of the as-deposited Cu films. As the results of Ar plasma substrate pretreatment, we presume that the smoother and amorphous-like surface layer of the TaN substrate enhanced the formation of the most stable ͑111͒ texture Cu films, and that the higher substrate surface energy resulted in Cu films with smoother surface and regularly shaped smaller grains. Thus, a combined process including Ar plasma substrate treatment prior to Cu film deposition and postdeposition thermal annealing at an appropriate temperature in N 2 ambient is proposed for the advantages of low-resistivity and high ͑111͒-oriented Cu film deposition.
As integrated circuits advance into deep sub-quarter-micrometer regime, the conventional Al-based interconnect scheme is faced with various performance and reliability challenges, such as interconnect propagation delay and the problem of electromigration. 1, 2 Therefore, other metals with a lower electrical resistivity and superior electromigration resistance are needed to replace Al as the interconnect material. Copper has been regarded as a potential candidate to replace Al and its alloys for multilevel interconnection applications because of its low bulk resistivity ͑1.67 ⍀ cm͒, excellent electromigration resistance, and high resistance to stress-induced voids. 3, 4 There are various techniques for copper film deposition, such as chemical vapor deposition ͑CVD͒, 5, 6 conventional as well as ionized metal plasma ͑IMP͒, physical vapor deposition ͑PVD͒, 7 and electrochemical deposition ͑ECD͒ including electroplating and electroless plating; 8, 9 among these, the CVD method has the advantages of superior step coverage and excellent gap-filling capability for high-aspect-ratio vias and trenches, 6 making it the most promising Cu film deposition technique for future integrated circuit ͑IC͒ applications. Since it is difficult to pattern the Cu film by dry etch methods, the Cu damascene process is developed to cope with this difficulty. The dual damascene process on scaled-down devices requires perfect gap-filling capability of copper for high-aspect-ratio vias and trenches. Although the Cu ECD combined with IMP of a thin Cu seed layer and barrier layers provides a suitable solution for IC technologies above 0.25 m, deposition techniques for a conformal and continuous thin barrier as well as a conformal and void-free Cu film filling into deep sub-quarter-micrometer vias, such as CVD, are eventually unavoidable for future-generation devices. 10 A number of barrier materials have been used as substrates for CVD of Cu films, such as W, Ti, TiN, Ta, and TaN; 5,11-13 among them, TaN exhibits a superb barrier capability against Cu diffusion.
14 However, the chemically vapor-deposited Cu films on TaN substrate exhibited a fairly low-peak-ratio of Cu͑111͒/Cu͑200͒ preferred orientation in the X-ray diffraction ͑XRD͒ spectrum, 5, 13 which is unfavorable for electromigration resistance. Since the nucleation process and the microstructure of Cu films are very sensitive to the substrate surface conditions, 15, 16 it has been reported that plasma treatment on the substrate surface prior to the Cu film deposition results in deposited films with preferred ͑111͒ texture. 17, 18 In this work, effects of TaN substrate pretreatment by Ar plasma on copper CVD were investigated using a multichamber lowpressure CVD system. The effects of postdeposition thermal annealing were also investigated. Figure 1 shows a schematic of the multichamber Cu CVD apparatus built for this study. The apparatus consists of a cluster of four chambers and a direct liquid injection ͑DLI͒ system for precursor delivery. The chamber cluster is composed of a sample-loading chamber ͑for samples loading/unloading͒, a pretreatment chamber, a reaction chamber, and a transfer chamber. The pretreatment chamber is used to preclean and/or modify the substrate surface by plasma treatment. CVD of Cu films is to be carried out in the reaction chamber. The transfer chamber, which houses a robot arm, is designed to handle the transfer of a sample to and from each chamber. In the reaction chamber there is a shower-head injector through which the Cu precursor is introduced into the reaction chamber in a stream of carrier gas. Under the injector, there is a substrate susceptor that can be heated by a resistive heating element up to a maximum temperature of 400°C. The susceptor is also rotatable for better uniformity of film deposition. The shower-head injector is moveable in the vertical direction so that the distance between the injector and the sample can be adjusted. The sidewall of the reaction chamber and the precursor injector are kept at a temperature of 45°C by the circulation of warm water to prevent Cu deposition of precursor condensation.
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* Electrochemical Society Active Member.
z E-mail address: cllin.ee85g@nctu.edu.tw Figure 1 . Schematic of multichamber Cu CVD apparatus built for this study.
The Cu precursor used in this study is Cu͑1,1,1,5,5,5-hexafluoroacetylacetonate͒trimethylvinylsilane ͓Cu͑hfac͒TMVS͔ with 2.4 wt % TMVS additive. [19] [20] [21] The 2.4 wt % TMVS enhances the stability of the precursor. 21 The liquid Cu precursor is delivered by the DLI system consisting of a liquid flow controller ͑LFC͒ and a controlled evaporation mixer ͑CEM͒ ͑Fig. 1͒. Initially, the liquid precursor is propelled by N 2 gas through the LFC. It is then vaporized in the CEM and mixed with the carrier gas. Helium ͑He͒ is used as the carrier gas in this study. The precursor-saturated carrier gas is introduced into the reaction chamber through the gas injector.
In this work, TaN was used as the substrate for the CVD of Cu films. TaN layers of 50 nm thickness were sputter-deposited on a thermal-oxide ͑500 nm thickness͒-covered Si wafer. A dc magnetron sputtering system with a base pressure of 1.5 ϫ 10 Ϫ6 Torr was used to reactively sputter a Ta target ͑99.99% purity͒ in an Ar/N 2 gas mixture at a pressure of 7.6 mTorr for TaN film deposition. The flow rates of Ar and N 2 were 24 and 6 sccm, respectively, for making the gas mixture, and the TaN films were sputter-deposited at a power of 150 W. The TaN-coated substrate wafer was loaded into the multichamber Cu CVD system. When the pressure of the sample-loading chamber reached 10 Ϫ6 Torr, the substrate wafer ͑together with the substrate holder͒ was transferred to the pretreatment chamber or reaction chamber via the transfer chamber depending on the process requirement of whether the plasma pretreatment on substrate was to be performed or not. In this study, Ar plasma treatment was performed at 50 W power for 10 min under the following conditions: Ar flow rate 6 sccm, gas pressure 40 mTorr, substrate temperature 80°C, and self-dc bias Ϫ270 V. After the plasma pretreatment, the sample was transferred to the reaction chamber for Cu film deposition. Prior to Cu film deposition, the substrate sample was heated to the desired deposition temperature with He carrier gas flowing at 25 sccm and the chamber pressure maintained at 150 mTorr. Usually, approximately 1 h is required for the substrate sample to reach the preset temperature. In this study, Cu CVD was performed over a temperature range of 120-240°C at a pressure of 150 mTorr with a precursor flow rate of 0.4 mL/min and a He carrier gas flow rate of 25 sccm. Major processing conditions and the parameters of the Cu CVD system used in this study are summarized in Table I . At the end of Cu film deposition, the sample was cooled in the ambient of He at a pressure of 150 mTorr.
The thickness of Cu films was measured using a DekTek profiler on the patterned Cu films and was verified by cross-sectional scanning electron microscopy ͑SEM͒. SEM was also used to observe the surface morphology of the deposited Cu films and cross-sectional views of copper nucleated on TaN substrate. A four-point probe was employed to measure the sheet resistance. Auger electron spectroscopy ͑AES͒ was used to analyze the impurity content in the Cu films. The crystal structure was identified by XRD analysis. The surface roughnesses of the Cu and substrate TaN films were evaluated by atomic force microscopy ͑AFM͒. Rutherford backscattering spectroscopy ͑RBS͒ was used to determine the composition of the TaN substrate samples.
Results and Discussion
CVD Cu films on TaN substrates.-Cu films were chemically vapor deposited on reactively sputtered TaN substrates, which have a resistivity of 0.6 m⍀ cm and a composition of TaN 1.2 , as determined by RBS. Figure 2 shows the deposition rate of Cu films as a function of substrate temperature ͑Arrhenius plot͒ at a constant pressure of 150 mTorr with a He carrier gas flow rate of 25 sccm and a liquid Cu precursor flow rate of 0.4 mL/min. Since the chemical reaction of Cu CVD involves basically a thermal dissociation of the Cu precursor, a higher temperature would result in a higher rate of deposition. The activaton energy E a was determined to be 7.35 kcal/ mol by the Arrhenius equation
where R is the deposition rate, R 0 is the Arrhenius pre-exponential constant or frequency factor, k is the Boltzmann constant, and T is the absolute temperature. Other values of activation energy were reported in the literature, e.g., the values of 10.20 kcal/mol ͑depos-ited on W substrates at 0.5 Torr͒, 22 16 .70 kcal/mol ͑deposited on TiN substrates at 10.5 Torr͒, 23 19.30 kcal/mol ͑deposited on Ta substrates at 1.5 Torr͒, 5 and 17.90 kcal/mol ͑deposited on TiN substrates at 0.5 Torr͒. 21 The difference in the values of the activation energy is presumably due to different deposition conditions.
The SEM micrographs in Fig. 3 show the surface morphology of copper films deposited at various temperatures for a deposition time of 10 min. The grain size of Cu increases with the deposition temperature. At higher deposition temperatures ͑200-240°C͒, the Cu films exhibit stacked grains featuring clear boundaries as well as voids between large grains. Figure 4 shows the grain size of Cu increasing with the deposition temperature. The resistivity of Cu films was calculated using the measured sheet resistances and film thicknesses. Figure 5 illustrates the resistivity of Cu films as a function of deposition temperature at a deposition pressure of 150 mTorr. It has been reported that the resistivity of CVD Cu films is closely related with the impurity content and microstructure. 24, 25 The slightly higher resistivity at low deposition temperatures is presum- ably due to higher contamination of residual impurities from the reaction by-products, while the high resistivity at high deposition temperatures results from the higher contamination of impurities in the film as well as the porous film structure. The most appropriate temperature for Cu film deposition from the viewpoint of low resistivity under the present deposition condition appears to be around 160°C ͑2.30 ⍀ cm͒. Figure 6 illustrates the AES depth profiles of CVD Cu films deposited on TaN substrates. The most notable impurities contaminated in CVD Cu films are carbon ͑C͒ and oxygen ͑O͒, which may result from incomplete desorption of hfac ligand during the CVD process.
25
Nucleation and surface morphology observation.-The surface conditions of substrates play an important role in the CVD of Cu films. Figure 7 shows AFM images of the TaN substrate before and after Ar plasma treatment at 50 W for 10 min. The Ar plasma treat- ment significantly improved the surface smoothness of the TaN substrate. In order to study the effect of substrate pretreatment by Ar plasma, the nucleation process of Cu films was investigated. Figure  8 illustrates the cross-sectional view SEM micrographs for Cu nucleation on TaN substrates with and without an Ar plasma treatment. On a TaN substrate without Ar plasma treatment, the initial 1 min deposition resulted in Cu grains of spherical shape with a wetting angle ͑contact angle͒ of about 70°͑Fig. 8a͒, similar to Al nucleation on TiN substrates reported in the literature. 26 On the Arplasma-treated TaN substrate, the Cu grains show a flat-dome shape with a wetting angle of about 42°͑Fig. 8b͒; after 2 min deposition, the grains grew and became larger in size, but the grain shape remained basically unchanged ͑Fig. 8c͒. According to Young's equation 18, 27 cos ϭ
where is the wetting angle ͑contact angle͒ of the copper grain, s and c are the respective surface energy of the TaN substrate and the Cu grain, and i is the interfacial energy between the Cu grain and the TaN substrate. The smaller wetting angle of 42°indicates that the Ar-plasma-treated TaN substrate has a higher substrate surface energy or lower interfacial energy, thus enhancing the Cu films growth by two dimensions ͑layer growth͒ and forming the most stable ͑111͒ closely packed configuration. 18, 28 Moreover, the Cucontaining adspecies tend to nucleate uniformly on the Ar-plasmatreated TaN substrate. A similar result was reported for the CVD Al nucleation on a SiO 2 -coated substrate pretreated by H 2 plasma. 29 Figure 9 shows top-view SEM micrographs for the nucleation process of Cu films deposited at 160°C on a TaN substrate with and without an Ar plasma treatment. On the Ar-plasma-treated TaN substrate, the Cu-containing adspecies ͓Cu͑hfac͔͒ easily and uniformly nucleated on the substrate surface, forming dense and small Cu nuclei after 1 min deposition ͑Fig. 9a͒. The Cu-containing adspecies continuously adsorbed on the surface of Cu nuclei to proceed with the growth of copper nuclei, resulting in larger Cu grains and a continuous Cu film after 2 min deposition ͑Fig. 9b͒. On the TaN substrate without Ar plasma treatment, the Cu-containing adspecies were sparsely nucleated on the substrate surface, and the subsequent adspecies tend to nucleate on the existing Cu nuclei rather than the TaN substrate. As a result, the Cu nuclei grew into Cu grains sparsely distributed on the substrate, while a few new Cu nuclei also randomly nucleated directly on the TaN substrate, forming smaller Cu grains ͑Fig. 9c͒. After 2 min deposition, all grains grew larger, though a few new smaller grains are scattered among the larger ones ͑Fig. 9d͒. A similar result was reported in the literature that the nucleation of Cu on the H 2 -plasma-treated TiN substrate led to a dense distribution of Cu grains. 30 The SEM micrograph in Fig. 10 shows the surface morphology of a Cu film deposited at 160°C for 10 min on the Ar-plasma-treated TaN substrate. In comparison with the corresponding Cu film deposited on the TaN substrate without Ar plasma treatment ͑Fig. 3b͒, the surface morphology of the Cu film deposited on the Ar-plasma-treated TaN substrate reveals regularly shaped smaller grains. As a result, better surface smoothness is expected for the Cu film deposited on the Ar-plasma-treated TaN substrate. This is evidenced by the results of AFM analysis shown in Fig. 11 . The Cu film deposited on the TaN substrate without Ar plasma treatment shows irregular Cu grains with an average surface roughness ͓root-mean-square ͑rms͔͒ of 55.9 nm, while the Cu film deposited on the Ar-plasma-treated TaN substrate shows much regular and smaller grains with an average surface roughness ͑rms͒ of 32.8 nm. The thicknesses of the Cu films with and without an Ar plasma substrate pretreatment are 348 and 408 nm, respectively, for a 10 min deposition at a substrate temperature of 160°C. The thinner Cu film on the Ar-plasma-treated TaN substrate is presumably due to the regular arrangement of smaller Cu grains, which in turn results in a denser microstructure and a smaller film thickness. The resistivity of the Cu film deposited on the Ar-plasma-treated TaN substrate was determined to be 3.40 ⍀ cm, which is higher than that of the Cu film deposited on the substrate without the plasma treatment ͑2.30 ⍀ cm͒, presumably due to the smaller Cu grains and thus a higher boundary density.
Preferred orientation and postdeposition thermal annealing.-The preferred orientation of Cu films is also affected by the Ar plasma treatment on the TaN substrate. Figure 12 shows the XRD spectra for Cu films deposited on TaN substrates with and without an Ar plasma treatment. It can be seen that the intensity peak ratio of Cu͑111͒ to Cu͑200͒ diffraction signals increased from 2.80 to 3.94 resulting from the Ar plasma treatment on the TaN substrate. With Ar plasma treatment, the smoother and thin amorphous-like TaN substrate surface enabled the migration of Cu-containing adspecies to the most stable site to forming a ͑111͒ preferential orientation because the ͑111͒ texture is the most stable configuration. 18, 28 Copper films deposited on the TaN substrate were thermally annealed at 400°C for 30 min in an N 2 ambient. Figure 13 shows the surface morphology of Cu films deposited on Ar-plasma-treated substrates before and after a thermal annealing. The thermally annealed Cu film reveals a closer contact between Cu grains, similar to those reported in the literature for CVD Cu films annealed in Ar and Ar/H 2 ambients. 31 Moreover, thermal annealing also resulted in decrease in film resistivity as well as increase in intensity peak ratio of Cu͑111͒ to Cu͑200͒ diffraction signals, as shown in Table II . The decrease in film resistivity is presumably due to the closer contact between the Cu grains. In addition, we presume that the Cu film deposited on the Ar-plasma-treated substrate possesses a uniform surface energy and little variation of film stress because of the better regular arrangement of Cu grains. As a result, thermal annealing would reduce the grain boundary and surface energy of the Cu film, resulting in the recrystallization of Cu grains to forming the most stable ͑111͒ texture. 18, 32 On the other hand, Cu grains of different sizes are irregularly arranged for the Cu film deposited on the TaN substrate without a plasma treatment; thus, there is nonuniform surface energy and nonuniform films stress, and this nonuniformity would be reduced in order to reduce the total system energy during thermal annealing. 32 As a result, there is not enough driving force to recrystallize the Cu grains for the formation of the most stable ͑111͒ texture, and the improvement of the Cu͑111͒/Cu͑200͒ intensity peak ratio was relatively moderate as compared with the Cu film deposited on the Ar-plasma-treated substrate. A similar observation was also reported for CVD Cu films thermally annealed at 450°C in Ar and Ar/H 2 ambients. 31 With regard to adhesion of Cu films, a Scotch tape pulling test was used to qualify the adhesion between the CVD Cu films and the TaN substrates. All samples with the Cu film deposited at 160°C and 150 mTorr, irrespective of substrate pretreatment by Ar plasma and/or post thermal annealing, passed the Scotch tape test. In summary, we conclude that the smoother TaN substrate surface with a higher surface energy resulting from the Ar plasma treatment, is responsible for the improvement of various Cu film properties.
Conclusion
The CVD Cu films deposited on TaN substrate with and without an Ar plasma pretreatment and the effect of postdeposition thermal annealing were investigated. The Cu films deposited on the Arplasma-treated TaN substrate have a number of favorable properties over the films deposited on the TaN substrate without the plasma treatment. These include a smoother film surface, regular arrangement of Cu grains, and enhanced ͑111͒ preferential orientation. However, the Cu films deposited on the Ar-plasma-treated substrate have a higher electrical resistivity, presumably due to smaller grain size, and thus higher grain boundary density. Postdeposition thermal annealing resulted in the reduction of electrical resistivity and an increase of the Cu͑111͒/Cu͑200͒ diffraction peak ratio. As a result of Ar plasma substrate pretreatment, we presume that the smoother and amorphous-like surface layer of the TaN substrate enhanced the formation of the most stable ͑111͒-oriented Cu films, and that the higher substrate surface energy resulted in Cu films with a smoother surface and regularly shaped smaller grains. A combined process is proposed for the advantages of low resistivity and high ͑111͒- 
